Purpose. Shigellosis is one of the most important food-borne and water-borne diseases worldwide. Although antibiotics are considered as efficient agents for shigellosis treatment, improper use of these has led to the emergence of antibioticresistant Shigella spp. Therefore, finding a new strategy as alternative treatment seems necessary.
INTRODUCTION
Shigella is one of the most important causes of human acute gastrointestinal infections [1] . Although these bacteria are known mostly as water-and food-borne bacterial pathogens, in addition they efficiently spread from person to person by low doses of contaminated fomites [2, 3] . It has been reported as the predominant cause of the majority of shigellosis cases in children of under 5 years old in Third World countries [2] . However, many of the annually reported shigellosis cases are found in travellers and military staff in industrialized countries [2, 4] . In addition, several food-and water-borne outbreaks have been reported worldwide [5] [6] [7] [8] [9] [10] [11] .
Shigella spp. are Gram-negative, non-motile and rod-shaped bacteria, and consist of four species, S. dysenteriae, S. flexneri, S. boydii and S. sonnei [12] . S. flexneri, which causes the most infectious forms of bacillary dysentery compared to other Shigella species, accounts for approximately two million worldwide infections per year as it is endemic in many developing countries [2, 13] . On the other hand, S. sonnei has been reported as the main agent associated with shigellosis in developed counties, and as an emerging concern in developing regions [14] . In the last few years, Shigella spp. have increasingly become resistant to common antimicrobial agents [15] . Thus, to reduce dysentery incidence and its associated morbidity and mortality, it is essential to find new and effective control methods.
Phages (bacteriophages), viruses that infect bacteria, are the most abundant biological entities in the world [16] . Virulent phages are considered as safe antibacterial agents for treatment of different infections without disruption of natural microflora and any serious side effects on humans or animals, due to the fact that their bactericidal activity is entirely dependent on the specific bacterial host [3, 17, 18] . Phage therapy is a potential alternative to conventional antibiotic therapy to control, prevent and treat various infectious bacterial diseases caused by Shigella, Salmonella, Campylobacter, Escherichia coli, Staphylococcus and others [17, 19] .
Shigella phages have shown great potential to reduce or eradicate epidemic shigellosis in high-risk areas, and to treat antibiotic-resistant bacteria in developed countries where there are increasing concerns about the frequent emergence of such bacteria [2] . In this regard some approved products, such as ShigaShield, with potential lytic activity against Shigella spp. have been introduced [20] .
The aim of this study was to isolate, characterize and perform genome analysis on a novel lytic bacteriophage infecting Shigella sonnei and probably other Shigella spp., the intention being to use it for phage therapy and biocontrol of shigellosis.
METHODS
S. sonnei isolation S. sonnei strains were isolated from different wastewater treatment plants in Isfahan, Iran from May to August 2015. A loopful of samples was streaked onto Xylose Lysine Desoxycholate (XLD) agar plates (Conda, Spain), a selective medium for Shigella and Salmonella species. Red colonies were collected for preliminary identification by using a recommended list of biochemical tests [21] [22] [23] . S. sonnei identification was also carried out by amplification of Shigella spp.-specific (invC) and S. sonnei-specific genes (wbgZ) as described elsewhere [24] . Other bacterial strains used for determination of host range are listed in Table 1 . All strains except those isolated from sewage were purchased from the Iranian Research Organization for Science and Technology (IROST), Tehran, Iran. All strains were cultured on brain heart infusion (BHI) agar (Merck, Germany) or in brain heart infusion broth (Merck, Germany) with constant shaking at 37 C or were stocked in tryptic soy broth (TSB) (Himeadia, India) containing 30 % glycerol and stored at À70 C.
Antimicrobial susceptibility test
The susceptibility of the S. sonnei isolates to different classes of antimicrobial agents (Padtanteb, Iran) (Table S1 , available in the online version of this article) was determined by the disk diffusion method and the data were analysed according to Clinical and Laboratory Standards Institute (CLSI) guidelines [25] .
Phage isolation, purification and propagation The S. sonnei strain (Sh.s-w4) which showed the highest antibiotic resistant range was used as the host bacterium for phage isolation and propagation in this study. The S. sonnei phage was isolated from sewage and wastewater samples (wastewater treatment plant, Isfahan, Iran) following a previously described method [26] . Briefly, 25 ml of sewage samples (without pre-processing) were added to 25 ml of early-exponential culture of S. sonnei. After overnight incubation at 37 C with constant shaking at 100 r.p.m., the cultures were centrifuged at 10 000 g for 10 min at 4 C, and then the supernatants were filtered through 0.22 µm syringe filters (JinTeng, China). After, 20 µl of the filtered media were spotted onto the surface of bacterial lawn culture (BHI with 0.7 % agar) which contained approximately 10 7 c.f.u. ml À1 of host cells. Following the appearance of a clear zone (plaque), the filtered supernatants from the previous step were serially diluted (10 À1 to 10 À10 ) in sterilized SM buffer (100 mmol l-1NaCl, 8 mmol 1-1 MgSO 4 , 2 % gelatin, 50 mmol l-1 Tris-HCl, pH 7.5), 10 µl of each serial dilution and 0.1 ml of early-exponential culture of host cells were added to 5 ml of molten soft agar (BHI with 0.7 % agar) at 50 C , and finally these mixtures were decanted onto solid layer agar (BHI with 1.5 % agar) to make double-layered agar plates. After overnight incubation at 37 C, a single clear plaque was removed by a sterile Pasteur pipette and was homogenized in 500 µl of SM buffer. Next, 100 µl of the homogenized mixture was added to 25 ml of early-log phase culture of S. sonnei and incubated overnight at 37 C aerobically before centrifugation (6000 g at 4 C for 10 min). The supernatant was then filtered through a 0.22 µm pore membrane to remove bacterial debris. Subsequently, the double-layer agar plate method was used again to form a single plaque [27] . This procedure was performed three times to ensure that the phage stock contained a single phage. The phage was regularly propagated according to Sambrook and Russell protocols [28] . Moreover, the double-layer agar method was carried out regularly to determine phage titres [29] .
Host range
The host range of the S. sonnei-specific phage was assessed by the spot test method on the basis of its ability to form Table 1 . Briefly, 10 µl of purified phage suspension (10 9 p.f.u. ml À1 ) was spotted directly onto the surface of a bacterial lawn culture plate and incubated at 37 C aerobically overnight [30] .
Transmission electron microscopy (TEM)
The phage particles (10 9 c.f.u. ml
À1
) were centrifuged at 25 000 g for 120 min and the pellet was re-suspended in SM buffer. This procedure was repeated three times to ensure elimination of bacterial debris. Negative staining was carried out with 2 % phosphotungstic acid (PTA) and then examined under a Hitachi HT7700 transmission electron microscope at an operating voltage of 100 kV.
Phage thermal and pH stability Thermostability of the phage was evaluated at different temperatures (À20, 4, 25, 40, 50, 60, 70 and 80 C). One millilitre of the phage lysate (10 9 c.f.u. ml
) was incubated at different temperatures and the number of active phages was determined after 1 h.
To evaluate pH stability, phage suspensions were added to micro-tubes containing sterile SM buffer with different adjusted pH values ranging from 2 to 12, then incubated at room temperature. The samples were tested after 1 h. The overlay method was used to determine the number of surviving phages [29] . All results were compared to control sample titres (4 C and pH 7) and are presented as percentages. These assays were performed in triplicate.
One-step growth and adsorption time One-step growth analysis was performed to determine the phage burst size and latent period as previously described [2] . To determine the phage absorption rate, S. sonnei Sh.sw4 culture (OD 600 =0.2) was mixed with the phage at a multiplicity of infection of 0.1 (MOI 0.1) and incubated aerobically at 37 C. Samples (500 µl) were taken at 1 min intervals (up to 15 min) and the titres of unabsorbed phages were assessed using the double-layer technique [29] . These assays were carried out three times.
Bacterial reduction test
Reduction assay was performed in liquid media as described elsewhere, with some modifications [16] . An early-log phase culture (OD 600 =0.2) of S. sonnei Sh.s-w4 was aliquoted into sterile tubes. Phage suspensions were added to each tube to reach MOI 1, 10 and 100 and then incubated at 37 C with shaking (110 r.p.m.). The OD 600 absorbances of the tubes were determined at 2 h intervals for 24 h. The phage-free tube (MOI=0.0) was used as a control. This assay was performed in triplicate.
Phage genomic DNA extraction The genomic DNA of the phage was extracted according to the method of Sambrook and Russell, with some modifications [28] . A high-titre stock of phage was prepared using ultra-centrifugation in a Beckman Optima L-80 XP ultracentrifuge (TYPE 45 Ti rotor, 105 000 g, 3 h, 4 C). To remove any bacterial DNA and RNA, 10 µg ml À1 DNase I and RNase I (Sigma, China) were added to the phage (750 µl) and incubated for 1 h at 37 C. After, 78 µl of 20 % SDS and proteinase K (20 mg ml À1 ) (Sigma, China) were added to the samples followed by overnight incubation at 56 C. After incubation, DNA was precipitated by adding 150 µl of sodium chloride (5M NaCl). Phage DNA was extracted using an equal volume of phenol/chloroform/isoamyl alcohol solution. The samples were completely mixed before centrifugation at 13 000 g for 10 min. Then the aqueous phase was collected and mixed with an equal volume of phenol/chloroform/isoamyl alcohol solution before centrifugation at 13 000 g for 10 min. The aqueous phase was transferred to a new sterile tube. The phage DNA was precipitated by adding 3 M sodium acetate (one-tenth of aqueous phase) and cold pure ethanol (double volume of aqueous phase). The samples were well mixed and incubated overnight at À20
C before centrifugation at 20 000 g for 20 min. The pellet was washed twice with ethanol (70 %) and then re-suspended in RNase-and DNase-free water (Takara, Japan). The purified phage DNA was stored at À20 C until further use.
Genome sequencing and analysis Whole-genome DNA was sequenced by TGS (Shenzhen, China) on an Illumina HiSeq, and the sequencing data were assembled using SOAPdenovo (v2.04). Open reading frames (ORFs) were predicted initially with Prokaryotic GeneMark. hmm version 3.25 (http://opal.biology.gatech.edu/genemark/gmhmmp.cgi) [31] and were then verified manually using the NCBI ORF Finder (https://www.ncbi.nlm.nih.gov/ orffinder/). The ExPASy translate tool was used to translate each ORF region to a protein sequence (http://web.expasy. org/translate/). The putative function of translated products was analysed comparatively based on homology with known protein sequences using the protein Basic Local Alignment Search Tool (BLASTp) (https://blast.ncbi.nlm.nih.gov/Blast. cgi) [32] . Isoelectric pH and molecular weight of translated ORFs were predicted using the ExPASy computing pI/Mw tool (http://web.expasy.org/compute_pi/) [33] . Moreover, tRNAscan-SE [34] and ARAGORN [35] were used to scan tRNA sequences in the phage genome. The complete genome sequence of Shigella sonnei bacteriophage vB_SsoS-ISF002 is available at GenBank (accession number MF093736).
Phylogenetic tree construction
Two predicted ORFs were selected to construct the phylogenic tree of the isolated phage. The amino acid sequences of the tail fibre (ORF 20) and large subunit of terminase (ORF 40) of phage vB_SsoS-ISF002 and other phages belonging to different genera of Siphoviridae were aligned in MEGA 7.0 using MUSCLE, and then a UPGMA (unweighted pair group method with arithmetic mean) phylogenetic tree was constructed with 2000 bootstrap replication [36] . The large subunit of terminase and tail fibre of Microbacterium phage vB_Mox-ISF9 and Lactococcus garvieae phage WP-2 were used as out-groups [37, 38] .
RESULTS AND DISCUSSION
Characteristics of the bacterial isolates Over the study period, among several suspect colonies with typical Shigella morphology on XLD agar, five S. sonnei isolated were identified by both biochemical tests and PCR assay. The antibiotic susceptibility of the five S. sonnei isolates was determined. All five isolates demonstrated same resistance pattern to tetracycline and amoxicillin but showed different resistance patterns to trimethoprim -sulfamethoxazole, ciprofloxacin, cefalothin, cefotaxime and nalidixic acid. Moreover, no resistance to chloramphenicol, amikacin and cefepime was observed (Table S1 ).
Isolation and morphology of the phage Regarding the fact that bacteriophages need their specific hosts for propagation and Shigella spp. are primarily considered as water-borne pathogens, wastewater samples were used for bacteriophage isolation. The lytic bacteriophage for S. sonnei was designated as vB_SsoS-ISF002 according to the recommendations outlined by Kropinski et al. [39] . vB_SsoS-ISF002 formed absolutely clear and non-halo plaques with an average diameter of 0.5 to 3.0 mm (Fig. 1a, b) . The largest plaque (3.0 mm in diameter) was chosen and used for all further steps after purification. TEM analysis revealed that vB_SsoS-ISF002 has an icosahedral head (65±2.1 nm) which is connected directly to a tail structure (Fig. 1c, d ). The tail was 196 ±14 nm in length and 11.3±0.9 nm in width. Based on these structural features, vB_SsoS-ISF002 was designated as a member of the Siphoviridae family, Caudovirales order [40] . To date, several Shigella spp. phages of the families Myoviridae (SfMu, WZ1 and pSs-1), Podoviridae (SF-9 and pSb-1) and Siphoviridae (pSf-1, pSf,2, SH6 and vB_SflS-ISF001) have been reported [2, 3, 16, 18, 30, [41] [42] [43] [44] . The vB_SsoS-ISF002 tail length was much larger than pSf-1 (103±6 nm) [3] , pSf-2 (136 ±3 nm) [16] , SH6 (161±2 nm) [43] and vB_SflS-ISF001 (112 ±0.6 nm) [41] . The head diameters of pSf-2 (57±4 nm) [16] , SH6 (62.2±2 nm) [43] and vB_SflS-ISF001 (64±0.4 nm) [41] were less than vB_SsoS-ISF002, but that of pSf-(73±3 nm) [3] was slightly larger than the investigated phage. vB_SsoS-ISF002 can be considered as a relatively large phage in the Siphoviridae family that infects Shigella spp.
Host range A collection of five isolated S. sonnei, S. sonnei ATCC 9290, S. sonnei PTCC 1777, S. flexneri PTCC 1234, S. flexneri PTCC 1865, S. dysenteriae PTCC 1188, S. boydii ATCC 9207, seven strains of other Gram-negative bacteria and two strains of Gram-positive bacteria were used to determine the host range of vB_SsoS-ISF002 (Table 1 ). All S. sonnei strains tested (five wastewater isolates, ATCC 9290 and PTCC 1777) were infected by the vB_SsoS-ISF002 phage. Moreover, vB_SsoS-ISF002 was also able to infect S. flexneri serotypes 1a (PTCC 1234) an 2b (PTCC 1865). The phage had no infective activity against other tested species (Table 1) . Different host ranges have been reported for Shigella spp. infected with Siphoviridae phages. Wichels et al. stated that Siphoviridae phages must be considered only as restricted host range bacteriophages [45] . This was confirmed in a study by Jun et al. that reported pSf-2 produced clear plaques only in S. flexneri cultures (ATCC 12022, 11 836 and 29903) [16] . In contrast, Hamdi et al. reported that S. flexneri and E. coli can be lysed by Siphoviridae phage SH6 [43] . Therefore, our data and those of Hamdi et al. [43] demonstrated clearly that Siphoviridae phages can be considered as broad host range phages. Moreover, regarding the fact that broad host range is one of the most important criteria in phage application [16] , vB_SsoS-ISF002 seems to be an appropriate agent as it can infect key species of Shigella that contribute to shigellosis outbreaks, such as S. sonnei in developed countries and S. flexneri in developing countries. On the other hand, it also showed no infectivity for the tested bacterial strains of normal flora. In this regard, the isolated phage in this study is similar to another recently isolated Shigella spp. of Siphoviridae (vB_SflS-ISF001), which showed appropriate potential to infect S. flexneri and S. dysenteriae [41] .
Thermal and pH stability Phage stability was assessed by calculating vB_SsoS-ISF002 titre changes after 1 h incubation under different pH and temperature conditions. As shown in Fig. 2(a) , although vB_SsoS-ISF002 retained maximum infectivity between À20 to 40 C, a considerable decrease in titre was observed after incubation at temperatures above 60 C, and incubation at 80 C completely inactivated the phage. vB_SsoS-ISF002 was extremely stable under a wide range of temperatures compared to pSf-1, which was reported to be totally active only under temperatures ranging from 4 to 25 C [3] . Moreover, the phage showed almost 100 % stability under pH values ranging from 7.0 to 9.0 while the titres of phage decreased with increasing acidity or basicity (Fig. 2b) . No plaques were observed at pH 12 and 4. Compared to pSf-1 and SH6 phages, which were infective under pH values ranging from 5 to 9 and 5 to 11, respectively, vB_SsoS-ISF002 was more stable [3, 43] . Of note, optimal activity of another Shigella spp. specific phage, vB_SflS-ISF001, was recorded under pH values ranging from 5 to 12 and a wide range of temperatures from À20 to 60 C for 1 h [41] . To summarize, the data showed that vB_SsoS-ISF002 phage is stable at different temperatures and under different pH conditions, from slightly acidic to both neutral and basic conditions, depending on the application or the methods used. On the other hand, due to its limited infectivity under acidic conditions, it may need some protection to alleviate the negative effects of acidic conditions. Approaches such as micro-encapsulation in alginate-chitosan have been recommended for oral phage application to protect against acidic conditions [43] .
Phage adsorption rate, latent period and burst size A one-step growth curve experiment using S. sonnei Sh.sw4 showed that vB_SsoS-ISF002 has a latent period of about 15 min and a burst size of 76±9 phages per infected cell (Fig. 3a) . Although the latent period and burst size were fairly similar to those observed for phage pSf-1 (10 min, 86.86 p.f.u./infected cell) [3] , they were markedly higher or lower than those recorded for SH6 phage (16 min, 103 ±16 p.f.u./infected cell) [43] , pSf-2 (30 min, 16 p.f.u./infected cell) [16] and vB_SflS-ISF001 (20 min, 53±4 p.f.u./infected cell) [41] . Moreover, 89.3 % of the phage particles were adsorbed after 10 min at 25 C (Fig. 3b) . A short latent period, large burst size and fast adsorption on the surface of bacterial cells indicated that vB_SsoS-ISF002 has a favourable propagation rate where new host cells exist.
Bacterial reduction test
Bacterial reduction was carried out to evaluate the antibacterial effect of vB_SsoS-ISF002 on early-phase cultures of S. sonnei Sh.s-w4 (Fig. 3c) . In comparison, in control (MOI 0) the turbidity of the bacterial culture infected by vB_SsoS-ISF002 was retarded regardless of the MOI until 24 h after infection. Growth of the bacteria infected by vB_SsoS-ISF002 was repressed until 8 and 10 h at MOI 1 and 10, respectively, and was efficiently inhibited for 24 h at MOI 100. In contrast, normal growth was observed at MOI 0 (control) and the optical density (OD 600 ) value increased continuously during the incubation period (Fig. 3c) . The results of the bacterial reduction test indicated that the growth of bacterial cells was inhibited in the presence of vB_SsoS-ISF002 at different MOIs. Thus, in general the MOI-dependent bacteriolytic activity of the phage was in agreement with earlier reports for pSf-1 and vB_SflS-ISF001 [3, 41] . According to the results of the current study and other reports, a high phage MOI is highly recommended to obtain maximum inhibition of bacterial growth [41] .
Genome sequencing and comparative genomic analysis of vB_SsoS-ISF002
Phage vB_SsoS-ISF002 contains a long linear doublestranded DNA genome of 50 564 bp with G+C content of 45.53 %, which is in the same range as phages of the T1 virus genus such as SH6, Shfl1, pSf-2, ADB-2, JMPW2, T1 and JMPW1 (Table 2) . A Megablast search of the phage genome indicated that vB_SsoS-ISF002 had 91-93 % sequence similarity to Shigella phage SH6, Shigella phage Shfl1, Shigella phage pSf-2, Escherichia phage ADB-2, Escherichia phage JMPW2, Enterobacteria phage T1 and Escherichia phage JMPW1 (Table 2) . Thus, according to Megablast results, vB_SsoS-ISF002 was classified as a T1 virus genus, Tunavirinae subfamily. Comparison of the genomic arrangement of phage vB_SsoS-ISF002 to other members of T1 virus genus, including three Shigella spp. phages (SH6, Shfl1, pSf-2) and four E. coli phages (ADB-2, JMPW2, T1, JMPW1), showed that vB_SsoS-ISF002 genes and their organization are generally similar to other members of this genus (Fig. 4) .
Phage vB_SsoS-ISF002 genome is predicted to encode 76 putative ORFs (17 on the forward strand and 59 on the reverse strand) with 73 ATG, 2 TTG (ORF6 and ORF26) and 1 GTG (ORF30) as initiation codons. The genes of Phage vB_SsoS-ISF002 were classified into three main functional clusters, including DNA replication/modification/regulation (DNA helicase, DNA methylase, DNA primase and recombination protein), structure/morphogenesis (capsid protein, tail protein, tail fibre protein and portal protein) and DNA packaging (terminase large and small subunits). Several differences relating to the position of functional cluster in vB_SsoS-ISF002 and the other related phages were observed. The position of the vB_SsoS-ISF002 DNA packaging cluster differed from other phages belonging to the Siphoviridae, in which it was located at the right end of the genome. Moreover, the orientation and location of the vB_SsoS-ISF002 DNA replication/modification/regulation cassette differed from other related phages except for Shigella phage pSF-2. Although in vB_SsoS-ISF002 and other phages the structure/morphogenesis clusters were located at the same position (middle of the genome), their orientations were different (Fig. 4) . No tRNA-encoding sequences were found in genome analysis of vB_SsoS-ISF002 and other related phages (Fig. 4) .
Through BLASTP searches in the GenBank database, the function of only 17 (22.4 %) ORFs were well predicted. Various ranges of identified ORFs, from 25 % (Shfl1) to 31.8 % (SH6), have been reported in phages belonging to the T1 virus genus ( Table 2 ). The greatest similarity between ORFs of the isolated phage and other members of T1 virus genus was observed in phage SH6. Five out of seventeen ORFs (ORF 18, 20, 23, 25 and 38) of vB_SsoS-ISF002 had high similarity (>97 % identity) to SH6 ORFs (Table S2 ). The gene products of the other 59 (77.6 %) ORFs that had no evidence for a defined function were considered as hypothetical proteins.
In the DNA replication/modification/regulation cluster, ORF9's product was predicted as DNA N-6-adenine-methyltransferase due to 99 % similarity (E value: 1E-177) to the DNA N-6-adenine-methyltransferase of Escherichia phage ADB-2 [46] . ORF11 was the longest ORF of this cluster, and its predicted protein product displayed similarity to putative ATP-dependent helicase from Escherichia phage JMPW2 with 99 % identity [47] . The DNA primase/helicase, putative recombination protein and DNA methylase were found to be encoded by ORF13, ORF16 and ORF66, respectively. The product of ORF13 showed 98 % similarity to DNA primase/helicase of Escherichia phage JMPW1, which has a regulatory role in phage DNA replication [47] . The protein sequence of ORF16 product showed close similarity to the putative recombination protein of Escherichia virus T1 with 99 % identity (E value: 8E-158) [48] . ORF66 encoded a protein similar to DNA methylase from Shigella phage SH6 with 96 % identity (E value: 2E-169) [43] .
The longest ORF of vB_SsoS-ISF002 was ORF20 and was placed in the structure/morphogenesis cluster. ORF20 encoded a protein product that was similar to the tail fibre protein of Shigella phage SH6, with 99 % similarity [43] . The predicted protein of ORF21 showed complete identity (E value: 1E-141) to the putative tail assembly protein from Escherichia phage ADB-2 [46] . The putative proteins encoded by ORF22 and ORF24 matched the minor tail protein of Escherichia virus T1 and Escherichia phage JMPW2, with 99 and 97 % similarity, respectively [47, 48] . Furthermore, the product encoded by ORF23 had 99 % similarity with the minor tail protein of Shigella phage SH6 [43] . ORF25 was the second longest ORF of vB_SsoS-ISF002 and showed 97 % identity to the tail tape measure protein from Shigella phage SH6 [43] . The deduced product of ORF38 displayed 97 % similarity with the minor capsid protein from Shigella phage SH6 [43] . The predicted protein of ORF39 was identified as portal protein, with 98 % similarity to the putative portal protein of Shigella virus Shfl1 (accession number: HM035024.1). ORF50 was predicted to encode the morphogenetic protein due to 98 % sequence similarity (E value: 1E-125) to the putative morphogenetic protein of Escherichia phage ADB-2 [46] .
In the DNA packaging cluster, only ORF40 and ORF41 displayed similarity to known proteins. The ORF40 product was similar to the large subunit of the terminase from Shigella virus Shfl1, with 99 % identity (accession number: HM035024.1). Moreover, the small subunit of the terminase was found to be encoded by ORF41. Furthermore, the protein sequence of ORF41 product showed 100 % similarity (E value: 1E-123) to the putative terminase small subunit of Escherichia virus T1 [48] . The terminase complex is an endonuclease enzyme with ATPase activity that catalyses the headful DNA packaging during phage assembly [43] .
The deduced protein sequence of 59 predicted ORFs displayed no significant similarity to known proteins. Since vB_SsoS-ISF002 is a virulent phage and all other phages of the T1 virus genus encode bacterial lysis proteins except for JMPW2 (Fig. 4) , it can be predicted that proteins responsible for bacterial lysis such as holin, endolysin and spanin may have been encoded by these ORFs. Of note, Microbacterium phage vB_Mox-ISF9, another lytic phage with no known predicted bacterial lysis proteins, has already been reported by our group [38] .
Phylogenetic position of vB_SsoS-ISF002
Based on the tail fibre and large subunit of terminase protein sequences used to find the phylogenetic position of vB_SsoS-ISF002, it was confirmed that this phage had homology to T1virus genus phages (Shigella phage SH6, Shigella phage Shfl1, Shigella phage pSf-2, Escherichia phage ADB-2, Escherichia phage JMPW2, Enterobacteria phage T1 and Escherichia phage JMPW1) (Fig. 5) . According to UPGMA dendrograms, Shigella phage vB_SsoS-ISF002 was classified as T1virus genus in the Tunavirinae subfamily. Thus, the investigated phage was considered as a new species of the T1virus genus (Fig. 5) .
Conclusions
In conclusion, a novel virulent Siphoviridae phage, vB_SsoS-ISF002, capable of efficient inhibition of the growth of S. sonnei and S. flexneri, was isolated from wastewater and it physiological and genetic aspects characterized. Its broad host range, rapid lytic cycle, stability at various pH values and temperatures and lack of any undesirable genes make it very promising for potential use in various phage applications. It also can be considered as an appropriate agent to develop new bacteriophage-based products such as ShigaShield. Moreover, vB_SsoS-ISF002 may be considered as a safe agent for biocontrol and phage therapy because of its lack of undesirable genes in its genome such as lysogeny, virulence factors and antimicrobial resistance. Comparative genomic analysis of vB_SsoS-ISF002 revealed that this phage belongs to the T1virus genus. Since other Shigella spp. (S. boydii and S. dysenteriae) can also cause shigellosis, there is a need to isolate more virulent phages Fig. 4 . Schematic representation of the linear dsDNA genome of the virulent phage vB_SsoS-ISF002 compared to related Siphoviridae phages: Shigella phage SH6 [43] , Shigella phage Shfl1 (HM035024.1), Shigella phage pSf-2 [16] , Escherichia phage ADB-2 [46] , Escherichia phage JMPW2 [47] , Enterobacteria phage T1 [48] , Escherichia phage JMPW1 [47] . Each ORF is represented by an arrow with predicted functions. against other Shigella spp. to develop efficient phage combinations directed against shigellosis.
